1. From a single strain of Wistar rats two lines of normotensive rats (NR) and two lines of hypertensive rats (SHR) were developed by selective breeding.
suggested by several authors (Goldblatt, 1958; Baldwin, Gombos & Chasis, 1965; Tobian, 1973) but, to our knowledge, no clear experimental demonstration of this involvement has been obtained, mainly because of the lack of any animal model for 'essential' hypertension. Strains of rats which develop hypertension of hereditary nature, without any gross renal or adrenal abnormalities in the earlier stages of hypertension, offer a unique tool to approach the problem of demonstrating and defining the role of the kidney in essential hypertension in the rat. Demonstration of a causative role of the kidney in this type of animal hypertension would be quite relevant to human hypertension, since it would substantiate the concept that the kidney can cause an hereditary type of hypertension despite having normal total excretory function and histological appearance. In 1964 we started breeding rats which would have either high or normal blood pressure, obtaining the strains of rats illustrated in Fig. 1 (Bianchi, Fox & Imbasciati, 1974) . Kidney transplantation was believed to be the best means available to evaluate experimentally the long-term involvement of the kidney in regulation of blood pressure, although problems arising from the rejection phenomena unavoidably complicate interpretation of the results obtained. The purpose of this paper is to describe the effect on blood pressure of kidney cross-transplantation between the hypertensive rats (SHR) and normotensive rats (NR). This paper can be considered an extension of a previous preliminary study (Bianchi, Fox, Di Francesco, Bar& & Radice, 1973) in which the kidney cross-transplantation was carried out in different experimental conditions.
METHODS

Substrains
The technique used to select the normotensive rat (NR) and hypertensive rat (SHR) substrains illustrated in Fig. 1 has been described in detail elsewhere (Bianchi et al., 1974) . The SHR, substrain was begun in 1964 by mating rats that had the highest blood pressure, taken from our stock Wistar colony. The SHR, substrain originated from the fifth SHR, generation. The NR, was developed from the first SHR, generation by mating rats with the lowest blood pressure; the NR2 substrain was begun in 1968 by mating rats from our stock Wistar colony with the lowest blood pressure. Brother x sister matings were camed out in all substrains; in the first five generations of SHR, and NR, substrains, matings between cousins were also made.
Kidney transplantation was carried out among animals of the 17th-19th generations. To randomize as much as possible the interference of rejection phenomena, kidney transplantation among substrains was carried out according to the pattern shown in Fig. 1 .
Determinations
with some modifications (Ma% & Bianchi, 1962) .
according to the method of Wybenga, Di Giorgio & Pileggi (1971) .
Surgery for kidney transplantation
This was performed in two steps according to the technique of Fischer & Lee (1965) with some minor modifications (Fox & Di Francesco, 1970) . The right kidney was replaced with the Bloodpressure. This was measured in the tail by the method of Friebel & Vreden (1958) Serum urea. This was measured with a urea nitrogen determination kit (Diagnotest; Dow) homograft as follows: arterial connection was made by a termino-lateral anastomosis between the donor's aorta and the recipient's aorta. The renal vein of the homograft was connected to the vena cava of the recipient and the homograft ureter was drawn into the recipient bladder by tying a thread to the ureter tip and passing it with a needle through the bladder wall. The total time of renal ischaemia never exceeded 25 min. After 2-4 days, the recipient's remaining (left) kidney was removed. In the present study the kidney capsule was left intact, in contrast to a previous experiment in which kidneys were decapsulated before transplantation. The contralateral donor kidney was also removed and histological sections were prepared in order to determine whether morphological differences between SHR and NR strains were present at the time of transplantation.
Handling of the animals
Before transplantation, body weight, blood pressure and serum urea were measured. Immediately after the first operation the rats were placed in metabolic cages and the amount of food and water ingested, together with the amount of urine eliminated, were measured daily.
Donors
Recipients
1964
I966 1968 Only the animals surviving more than 20 days after transplantation are considered in this paper.
It was observed that all the complications arising from technical failures or acute rejection occurred within this period. For the first 90 days after transplantation the rats were fed with a normal salt diet (0.17 mol/kg NaC1) and were then changed to a high salt diet containing 1.37 mol/kg NaCl for a period of 15 days. In the normal salt diet period, blood pressure, body weight and serum urea concentration were measured on the same days at the timeintervals indicated in Tables 2 and 3 . The amounts of food ingested and of urine eliminated indicated in these tables are measurements made on the day of the blood pressure determination. 
Immunosuppressive treatment
Preliminary experiments (Fox, Imbasciati, Di Francesco, Bianchi & Ponticelli, 1973) were carried out to compare the effects of two treatments: (1) azathioprine plus tetracycline and (2) tetracycline alone. It was observed that azathioprine impaired the function of the kidney homograft and reduced body weight gain without producing any difference in the incidence of histological renal rejection lesions when compared with the control animals treated with tetracycline alone. For this reason the rats of the experiments described here were given tetracycline alone (0.11 mmol/kg) for 10 days, starting from the day of kidney transplantation.
RESULTS
Donors (SHR, and NR, substrains)
In Table 1 are shown age, body weight and serum urea for all donor animals, and, for some animals only, kidney weight/body weight ratios. Serum urea concentration of the hypertensive (-) or normotensive (---) rats into normotensive recipients. Results are expressed as means k SEM.
donors is slightly higher than that of normotensive donors. This difference is statistically significant in donors of substrain SHR2 (P cO.OOl), although it does not reach the significance (005 c P c 0 -1 ) attained when donors of NR2 substrain are compared. If the donors of the two groups of recipients are considered together the difference is statistically significant (P <0*01). Moreover, measurements of serum urea in two additional groups of twenty animals each of SHR and NR strains confirmed that the slightly higher concentration in SHR strain is statistic- ally significant (SHR1 = 8-2 mmol/l; NRI = 7.0 mmol/l; Pt0.001). On a'blind basis' it was not possible to distinguish between SHR and NR kidneys at the histological examination carried out on the contralateral donor kidneys removed at the time of transplantation.
Normotensive recipients (NR, substrain)
The blood pressure and serum urea changes occurring in normotensive recipients given SHR or NR kidneys are shown in Fig. 2 , and the simultaneous changes in food intake, body weight and 24 h urine volume are given in Table 2 . Both normal and high salt diet periods are included in Table 2 and Fig. 2 .
After removal of the recipient contralateral kidneys, there was a progressive increase of blood pressure in the NR recipients of SHR kidneys until a level 30 mmHg higher than that of NR recipients of NR kidneys was reached 60 days after transplantation (P<OOol). This difference was maintained when the rats were placed on the high salt diet. The pattern of serum urea changes was similar in both groups. Serum urea rose briskly soon after the removal of the recipient contralateral kidney, and then progressively decreased to a concentration approximately twice the basal value and remained stable thereafter. After a slight fall due to surgery, body weight increased normally in the two groups. No difference (P > 0.2) in food intake was observed. As noted above, higher serum urea values were found in SHR donors than in NR donors (see Table 1 ). To evaluate the influence of donor blood pressure and serum urea on recipient blood pressure, the following regressions were calculated, the two groups of recipients being considered either separately or together:
(1) donor serum urea on both recipient blood pressure and serum urea concentration changes;
(2) donor blood pressure on recipient blood pressure changes; (3) donor age on recipient blood pressure changes.
The recipient blood pressure or serum urea concentration changes were calculated as the difference between the pre-transplantation value and the average of the measurements performed at the intervals 7,8,9 and 10 of Table 2 . Moreover the relationship, if any, between the impairment of the homograft function and the recipient blood pressure changes was evaluated by calculating the regressions o f (1) the recipient serum urea changes on the recipient blood pressure changes (on normal salt diet);
(2) the recipient serum urea concentrations before starting the high salt diet period with the blood pressure changes produced by this diet.
A statistically significant regression was found for only two of these relations (see Table 3 ) : (a) the donor blood pressure with the recipient blood pressure changes when the recipients of SHR kidney and recipients of NR kidney were considered (P<OOOI); (b) the SHR kidney recipient serum urea concentrations before starting the high salt diet with the blood pressure changes produced by the high salt diet (P<O*Ol).
Hypertensive recipients (SHR, substrain)
The blood pressure and serum urea changes occurring in hypertensive recipients given SHR or NR kidneys are shown in Fig. 3 , and simultaneous changes in food intake, body weight and 24 h urine volume are presented in Table 4 . The recipients of NR kidneys were found to differ from the recipients of SHR kidneys in that: (a) blood pressure remained significantly lower (P<O-OOI) after the acute fall which occurred in both groups soon after the removal of the contralateral kidney; (b) serum urea concentration was significantly lower (P ~0 . 0 5 ) during the following time-intervals: 3,4, 5, 6, 7 and 8; (c) 24 h urinary output was also significantly lower during the time-intervals 10, 12, 13 and 14. No significant difference (P>0-2) was found in body weight or food intake between the two groups.
The influence of the donor serum urea and blood pressure values on changes in blood pressure and serum urea concentration of the corresponding recipient, and the relationship between the impairment of the homograft function and the recipient blood pressure were evaluated as described for NR recipients. A statistically significant regression was found only when the SHR kidney recipients and the NR kidney recipients were compared in the following ways (see Table 5 ) :
(1) the donor blood pressure on the recipient blood pressure changes (P<O*OOl);
(2) the donor serum urea concentration on the recipient blood pressure changes (P <0.05); (3) the changes of serum urea concentration and blood pressure in recipients (PcO.05). Normotensive recipient in the pre-hypertensive stage The possibility was also considered that blood pressure differences observed between the two recipient groups could be due to pre-existing renal lesions in the SHR donor kidneys, as a result of high blood pressure perfusion before transplantation. This was tested by using rats in the pre-hypertensive period and performing transplantation of kidneys from SHR and NR donors which had not been subjected to this difference in perfusion pressure. Only normotensive recipients were utilized in this phase. Owing to the technical difficulties of carrying out transplants in 100 g rats, each group consisted of only five animals. Fig. 4 shows the individual blood pressure and serum urea changes observed in the normotensive recipients. Table 1 shows some characteristics of the donor rats. Recipients of SHR kidneys had significantly higher values of blood pressure and serum urea (P<O.OOl).
DISCUSSION
Both the earlier and the present results clearly demonstrate that the SHR kidney homograft increases the blood pressure of normotensive recipients and that the NR kidney homograft reduces the blood pressure of hypertensive recipients. The previous results were obtained according to the following experimental conditions: (1) kidneys were decapsulated before transplantation ; (2) in addition to tetracycline, the recipients were also given azathioprine for 90 days; (3) the contralateral recipient kidney was removed 7-8 days after kidney transplantatidn ; (4) kidney function was evaluated by measuring blood nonprotein nitrogen; (5) transplants were carried out between rats of the fourteenth and seventeenth generations.
In the present studies, serum urea concentrations were used as an index of renal function, since it has been shown that serum urea varies inversely with the rate of glomerular filtration. This index is influenced by two main factors: the rate of urea formation and the urinary flow rate. Since body weight increase and the daily food consumption of the recipient subgroups did not significantly differ in these studies (see Tables 2 and 3), the rate of urea formation was probably similar in the two subgroups. Moreover, the urinary flow rate was slightly higher in recipients of SHR kidneys, but the difference between the two subgroups was not so high as to affect urea excretion (Armsen & Reinhardt, 1971) .
Normotensive recipients of SHR kidneys developed hypertension, although their serum urea concentrations were equal to those of recipients of NR kidneys, which remained normotensive. No correlation was found between blood pressure and serum urea changes, and thus the pressor effect of SHR kidneys cannot be attributed to a greater reduction of glomerular filtration rate caused by rejection lesions. On high salt diet the blood pressure rose in parallel in the two subgroups. In the earlier experiment , where NR recipients received both SHlX and NR kidneys, no difference in blood pressure was found between the two subgroups on normal salt diet, and blood non-protein nitrogen rose to higher concentrations in SHR kidney recipients. Different pressor responses were observed on high salt diet; the increase of blood pressure of SHR kidney recipients was significantly higher than those of NR kidney recipients. It is not clear why, under the previous experimental conditions, the greater pressor effect of SHR kidneys could be demonstrated only on high salt diet. Perhaps the removal of the renal capsule before transplantation is relevant to this observation, since a relationship has been shown between intrarenal hydrostatic pressure, sodium excretion and the presence of renal capsule (Martino & Earley, 1968; Koch, Aynedjian & Bank, 1968) .
Hypertensive recipients of NR kidneys were found to have significantly lower blood pressures and serum urea concentrations than hypertensive recipients of SHR kidneys. There was also a statistically significant correlation between serum urea changes and blood pressure changes. Thus in this experiment, reduction of glomerular filtration rate produced by rejection lesions may have affected the blood pressure differences between the two subgroups. This would appear unlikely, however, since in the earlier experiment (Bianchi et d., 1973) the same blood pressure differences were observed between SHR recipients given NR kidneys or SHR kidneys, and the blood non-protein-nitrogen changes were similar in both subgroups. Thus neither surgery nor rejection lesions seem to affect the recipient blood pressure changes; the higher blood pressures of recipients given SHR kidneys would appear to be caused by functional abnormality of the SHR kidney present before grafting. This means that in an hereditary type of animal hypertension a permanent modification of renal function is required to maintain hypertension (Guyton, Coleman, Cowley, Scheel, Manning & Norman, 1972) .
A significant difference in blood pressure between SHR and NR strains appears at approximately 1 month of age (Bianchi et al., 1974) . The kidneys of SHR strain had been perf'used at a higher blood pressure than kidneys of NR for approximately 3 months before being transplanted into the recipients. This raised the question of whether, in SHR strain, the renal abnormality is the cause of, or results from, arterial hypertension; it is known that in rats with unilateral renal artery stenosis, the unclipped kidney can maintain the arterial hypertension after the removal of the clipped kidney (Wilson & Byrom, 1941; Friedman, Jarman & Klemperer, 1941 ; Ljungqvist, 1969; Koletsky & Rivera-Velez, 1970) . The experiments carried out in the pre-hypertensive stage were designed to answer this question. NR recipients of SHR kidney did have higher blood pressures than NR recipients of NR kidneys. The very high pressor response of young rats to kidney grafting is interesting and deserves further investigation. Since, however, the serum urea concentrations of SHR kidney recipients were also higher than those of controls, it remains difficult to assess whether the impairment of renal function is the cause or an effect of the very high blood pressure of SHR kidney recipients.
The following considerations would favour the hypothesis of a primary kidney abnormality : (1) Three months after grafting, the blood pressures of SHR recipients of NR kidneys were approximately 30 mmHg lower than those of recipients of SHR kidneys, both under the earlier and the present experimental conditions. Therefore adult SHR did not possess an extrarenal pressor factor able either to (a) re-establish hypertension in the absence of the SHR kidney or (b) cause secondary lesions in the NR kidney able to maintain hypertension.
(2) From the comparison with the studies of removal of the ischaemic kidney from rats with unilateral renal artery stenosis or cellophan perinephritis, it appears that the contralateral normal kidney is able to maintain hypertension only when the duration and the degree of hypertension, before the removal, are above a certain level (Wilson & Byrom, 1941 ; Friedman et al., 1941 ; Ljungqvist, 1969; Koletsky & Rivera-Velez, 1970) . It is difficult to know from these papers what this critical level of blood pressure is, but there is no evidence that the pressure in SHR of the present studies was above such a level.
(3) In the earlier experiment the NR recipients of both SHR and NR kidneys were found to have a normal blood pressure for as long as 3 months, yet a high salt diet still produced a significantly greater increase of blood pressure in recipients of SHR kidneys. It is difficult to imagine a type of secondary kidney lesion, produced during a previous 3 months period of high blood pressure perfusion, that would not revert after a subsequent 3 months period of normal blood pressure perfusion, especially since the structural changes produced in the resistance vessels of Japanese SHR strain by perfusion at high blood pressure for up to 12 months can revert after a period of 2 months of perfusion at normal blood pressure (Folkow, Hallback, Lundgren & Weiss, 1971) .
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